In this work, internal moisture profiles obtained either by simulation or experimentally during the convective drying of resorcinol-formaldehyde gels are compared. Such a comparison constitutes an attractive way to validate drying simulation models. X-ray microtomography, a powerful 3D imaging technique, coupled to image analysis is used to determine the internal moisture profiles in a non destructive way. A thermo-hygro-mechanical coupled model is used to simulate the moisture profiles developing during drying. Resorcinol-formaldehyde gels are used because their degree of shrinkage can be easily controlled. Results show a fairly good agreement between experimental and simulated profiles, especially at high moisture contents.
INTRODUCTION
Comparison of actual and predicted moisture profiles which develop during drying is an elegant a way to validate simulation models [1] . However, the difficulty to obtain experimental measurements has limited the ability of such drying models validation. Up to now, moisture profiles have been mainly determined either by a destructive technique such as slicing [2] or by sophisticated non destructive methods such as nuclear magnetic resonance [3] [4] [5] or gamma-ray attenuation [6] . Alkan et al. [7] recently reported the use of high X-ray energy industrial computed tomography to follow moisture distribution changes in wetwood.
Some of us showed previously that X-ray microtomography coupled with image analysis was an accurate, non destructive and easy to use technique to determine internal moisture profiles developing during drying [8] . This technique is also very useful to measure precisely shrinkage and to detect the formation of drying induced cracks [9, 10] . Similarly as for a medical scanner, X-ray microtomography provides 2D or 3D images of the investigated sample. By calibration, it is possible to relate the grey level of each pixel to the local moisture content [11] . In this work, experimental moisture profiles obtained by X-ray microtomography during the convective drying of resorcinol-formaldehyde hydrogels are compared with those obtained from the simulation of the drying experiment. Resorcinolformaldehyde hydrogels constitute good test materials because their degree of shrinkage can be easily modified by changing the synthesis conditions [12] . Moreover, porous carbons obtained after pyrolysis of these gels present a wide variety of promising applications such as adsorbents for gas separation, catalysts supports [13] , electrode material for double layer capacitors [14] , energy storage device, column packing materials for chromatography, …
MATERIALS AND METHODS

Sample preparation
Hydrogels were obtained by polycondensation of resorcinol, solubilized in water, with formaldehyde in the presence of Na 2 CO 3 , usually called catalyst (C). Since the carbonate concentration controls the gel texture and its shrinkage behavior [15] , two R/C ratios (300, and 500) were chosen to study the influence of the solid displacement. Indeed, the pore texture of the pristine RF hydrogels can be modified by changing the pH, or the R/C ratio, of the precursors solution. The effect of the R/C value on the pore size was already discussed in many previous studies reviewed by Muhtaseb and Ritter [16] . The molar ratio R/F and the dilution ratio D, i.e. the Solvent/(R+F) molar ratio were fixed at 0.5, (stoichiometric ratio), and 5.7, respectively. 9.91 g resorcinol (Vel, 99%) were first dissolved with 18.8 ml deionised water with the required amount of Na 2 CO 3 in 250 ml sealable flasks under magnetic stirring. Then, 13.5 ml formaldehyde solution (Aldrich, 37% wt. in water, stabilized by 10-15% wt. methanol) were added to the resorcinol solution. Cylindrical samples were obtained by casting 6 ml solution into glass moulds and putting them for gelation and aging at 70°C during 24 h under saturated atmosphere.
Convective drying
After gelation and aging, the monoliths were dried in a classical convective rig controlled in air relative humidity, temperature and velocity specially designed for handling small samples (a few cm³) [17] . The sample was continuously weighed during the drying test. Its mass was recorded every 10 s. Drying conditions were chosen in order to keep monoliths and to avoid sample cracking [10] . External heat and mass transfer coefficients were obtained from the constant flux period.
X-ray microtomography
X-ray microtomography is a powerful non-invasive technique allowing the visualization of the internal texture of a sample based upon local variation of the X-ray attenuation coefficient.
It was used to obtain 2-dimensional cross sections images of the RF hydrogels after increasing drying times (Fig. 1) . The X-ray tomographic device used in this study was a "Skyscan-1074 X-ray scanner" (Skyscan, Belgium). Advanced technical details about its conception and operation can be found in [18] . The X-ray source operated at 40 kV and 1 mA. The detector was a 2D, 768×576 pixels, 8-bit X-ray camera with a spatial resolution of 41 µm. The RF hydrogel sample was periodically (approximately every 5 minutes) removed from the drying chamber and placed in the microtomograph. The rotation step was fixed at 3.6 degree in order to reduce the acquisition time down to about 2 minutes. This was necessary to avoid relaxation of moisture profiles and further drying of the sample. It was shown in a previous work about sludge drying that the repeated interruptions had no significant effect on the drying kinetics [17] . A radiograph of the sample (Fig. 2) was recorder for each angular position, over 180°. A classical back projection algorithm was used to reconstruct 2D cross sections from the radiographs, along the sample height. The images are constituted of pixels whose grey level value is related to the local X-ray linear attenuation coefficient.
Image analysis
An original image analysis processing has been developed in order to perform a quantitative grey level analysis of the 2D tomographic images [11] . The program was implemented in 
MODEL
The equations are based on the model developed by Jomaa and Puiggali [19] . The xerogel is assumed to be a shrinking medium in which the liquid and solid phases are followed during drying. Saturation of the sample, i.e. ideal shrinkage, is assumed throughout the drying process. The equations are written in Eulerian coordinates with the introduction of the matrix velocity to take into account the mechanical coupling. The numerical resolution is performed with the commercial solver COMSOL Multiphysics TM with an ALE (Arbitrary Lagrangian Eulerian) method in order to follow the moving of the boundaries. This method is well adapted when this deformation can not be considered as infinitesimal. A 2D axisymmetric geometry was adopted, taking into account the cylindrical shape of the samples. The drying conditions are the same on both the upper and bottom faces of the cylinder, so that a horizontal axis of symmetry was also used besides the axial symmetry [20] .
Mass balance equation
Assuming that the system remains biphasic, the water content on a dry basis W can be obtained from the apparent density of the liquid phase ρ l (Eq. 1), which was chosen as the dependent variable in the expression of mass conservation (Eq. 2). In these equations 
Energy balance equation
The convective term associated to water transport was neglected in the heat transfer equation according to a previous work [21] (Eq. 3). In this expression ρ is the apparent sample density (Eq. 4), C p the specific heat of the xerogel (Eq. 5) and k the thermal conductivity (Eq. 6). The vaporization is assumed to occur at the surface of the sample throughout the process so that the latent heat contribution only appears in the boundary conditions.
Mechanical equilibrium equation
The mechanical equilibrium equations (Eq. 7) are written in an axisymmetric system according to equations 8 and 9. Stress-strain relations are expressed following equations 10 to 16. The strain associated to shrinkage is determined from ideal volumetric shrinkage, which can be considered as isotropic for xerogels [10] (Eq. 17). Depending on the synthesis conditions, the gels may present a viscoelastic behavior. However the Deborah number, i.e.
the ratio of the characteristic relaxation time to the characteristic diffusion time, is small, indicating that the elastic contribution is sufficient to describe the hydro-mechanical coupling [22] . Mechanical properties can be found in [12] . On the two drying faces: (20) ( ) (
C surf is obtained from the knowledge of both the temperature at external surface, and the corresponding saturation vapour pressure, and the sorption isotherm [23] .
On the two axis of symmetry: For R/C = 500, the mean grey level of the cross sections decreases during the whole course of drying, while for R/C = 300, the mean grey level first increases before beginning to decrease.
Once dried, the mean grey level for xerogels obtained at R/C = 500 has a value lower than 40, while at R/C = 300 a value close to 70 is measured.
These observations based on the grey level values can be related to the evolution of the X-ray linear attenuation coefficient during drying. This coefficient µ depends on the density ρ and the atomic number Z of the material, and on the energy of the incident beam E X according to Eq. 25 in which a is a quantity with a relatively small energy dependence, and b is a constant
Taking into account the composition of the hydrogels, i.e. water, resorcinol and formaldehyde, one can assume that the local attenuation coefficient mainly depends on the density of the material. Depending on the shrinkage behavior of the hydrogels, two extreme situations can be considered to describe the evolution of the density with the water content (Fig. 5) . For a totally non-shrinking material, the density decreases as the water removed during drying is replaced by air. For a material exhibiting ideal shrinkage, i.e. remaining fully saturated, the density increases as water 'is replaced' by the dried RF resins whose intrinsic density is higher. When the gel first exhibits an ideal shrinkage period and then keeps the same volume until the end of the drying process, a mixed behavior is obtained: the density first increases and then decreases.
Results obtained from X-ray tomography come from the evolution of the attenuation coefficient, or the density, during the drying process. For R/C = 500, the gel exhibits almost no shrinkage, explaining the continuous decrease of the attenuation coefficient. For R/C = 300, the gel exhibit a large zone of ideal shrinkage before reaching its final volume [10] . This explains the increase of the attenuation coefficient down to W = 0.55 kgkg -1 . Once shrinkage has stopped, the density and, consequently, the attenuation coefficient decreases. At the end of the drying process, the values of the attenuation coefficient indicate that the xerogel obtained with R/C = 300 has a higher density than the one obtained with R/C = 500. This is in agreement with Fig. 5 and with experimental measurements [10] . = 500, the relation between the water content and the grey level is almost linear. For R/C = 300, two parts can clearly be identified. The sharp zone observed at water contents higher than 0.5 kgkg -1 corresponds to ideal shrinkage. However, the grey level value remains close to 130 and does not increase as expected by Fig. 3 . This is probably due to the limit of contrast that can be obtained with the used X-ray microtomograph. For water contents below 0.5 kgkg -1 , the linear part corresponds to a non-shrinking zone. The comparison of both calibration curves seems to indicate a short ideal shrinkage zone even for R/C = 500, which corresponds to the actual behavior of the sample [12] .
Based on the data of Fig. 6 , it is possible, in principle, to get internal water content profiles from the grey level ones (Fig. 3 and 4) . Even though this is quite easy in the linear part of the calibration curve, some difficulties appear in the zone of ideal shrinkage because of the nearly asymptotic shape. A small error on the grey level value may lead to a large change in the water content. This is why, is this work, we will only present moisture profiles obtained for R/C = 500, at mean water content lower than 1.5 kgkg -1 . Fig. 7 clearly shows the existence of moisture gradients at the wall resulting from internal mass transfer limitations.
In Fig. 8 , experimental profiles obtained during the convective drying of hydrogels synthesised with R/C = 500 are compared with those predicted by the simulation model.
Results show a fairly good agreement for mean water content higher than approx. 0.8 kgkg -1 .
On the contrary, experimental and simulated profiles diverge at lower water contents: the simulation overestimates the gradient at the wall. This indicates that some improvements should be done in the model, namely the introduction of a water dependent effective diffusion coefficient. Nevertheless, it must be noticed that some errors can also affect the experimental profiles. Another measurement campaign should be done in order to obtain tomographic measurements for other drying conditions. CONCLUSIONS X-ray microtomography, associated to image analysis, is a powerful non destructive characterization method. By allowing the comparison between experimental and simulated internal moisture profiles, this technique is very promising for the validation of drying models. In this work, rather good results have been obtained in the case of the convective drying of resorcinol-formaldehyde hydrogels. Nevertheless some problems remain in the zone of ideal shrinkage of the samples, due to difficulties in calibrating the grey level images.
Results also show that the model should be improved, especially in the last stages of drying.
As a next step, further experiments will be carried out in order to confirm the profiles obtained by microtomography and to study the influence of the drying conditions. For these 
